Abstract: Mitigation of progressive collapse was highlighted in 1968 with the collapse of the Ronan Point building in the United Kingdom. Technical standards followed suit with increased requirements and recommendations to encourage the design and construction of more robust buildings. The intent has been to establish a design process that recognizes and considers the potential that buildings could experience abnormal and extreme loads or events that seriously compromise one or more critical load-carrying elements.
INTRODUCTION
The 1968 Ronan Point collapse ( Fig. 1) has been instrumental [1] in making engineers aware of the possibility of a chain reaction or progressive collapse. Its importance, however, has been growing because of the spread of many tragic collapses: the Murrah Federal Building in Oklahoma (1995) , the Giotto Avenue Building in Foggia (1999), the World Trade Centre in New York (2001) . defines the progressive collapse as "the spread of an initial local failure from element to element resulting, eventually, in the collapse of an entire structure or a disproportionately large part of it".
In a design to prevent progressive collapse, the triggering event is unknown; local failure is caused by 'abnormal loadings' that are loads which are not normally considered in design. These include:
• pressure loading due to explosions;
• impact caused by vehicles, aeroplanes, construction cranes, falling debris, etc.; • natural hazards (not considered in design) such as fires, floods, tornadoes, etc.; • design and construction errors.
Even though it is necessary to consider that nature and intensity of the external action that triggers the collapse could have an influence on the failure propagation, in the search for effective design remedies, the separation between the two problems, failure initiation and propagation, could be useful. The aim should be to give every building an intrinsic capacity to limit damages caused by a local failure not depending on the triggering event. The Direct Design approach includes "explicit consideration of resistance to progressive collapse during the design process…". These include: the Alternate Path (AP) method, which requires that the structure be capable of bridging over a missing structural element, with the resulting extent of damage being localized, and the Specific Local Resistance (SLR) method, which requires that the building, or parts of the building, provide sufficient strength to resist a specific load or threat.
With the Indirect Design, resistance to progressive collapse is considered implicitly "through the provision of minimum levels of strength, continuity and ductility". The ASCE 7-10gives general design guidelines and suggestions for improving structural integrity. However, no quantitative requirements for either direct or indirect design to resist progressive collapse are provided in this code.
UK [3] was the first country to address progressive collapse explicitly in its building standards after the Ronan Point collapse. The British Standards employ three design approaches to resist progressive collapse:
• Tie Forces (TF). This indirect design approach enhances continuity, ductility, and structural redundancy by requiring 'ties' to keep the structure together in the event of an abnormal loading.
• Alternate Path (AP). This direct method requires that the designer prove that the structure is capable of bridging over a removed structural element and that the resulting extent of damage does not exceed the damage limits. The missing structural element is any element that cannot provide an adequate vertical tie force.
• Specific Local Resistance (SLR). This direct method requires that, for any structural element over which the building cannot bridge, the element must be designed as a 'key' or 'protected' element, capable of carrying a static pressure loading of 34 kPa.
The approach of the Eurocodes is more articulated.
The EN1990 [4] (i.e. the first part of the Eurocodes that gives the basis of structural design) says that "a structure shall be designed and executed in such a way that it will not be damaged by events such as explosion, impact, and the consequences of human errors to an extent disproportionate to the original cause". It also gives general design guidelines. According to EN 1990, the other Eurocodes should give specific rules to reduce the risk of progressive collapse. For example, the Eurocode 2 [5] gives some rules to provide, in R.C. buildings, a minimum amount of horizontal and vertical ties.
In this context, the latest release of Part 1-7 of Eurocode 1 [6], contains in its Annex A (i.e. "Project of the buildings for the consequences of a local failure resulting from a cause not specified") the most innovative part of all the Eurocodes. It provides a categorisation of building types/occupancies to four consequences classes and recommends for each class a specific design strategy in order to give a building an acceptable level of robustness to sustain localised failure without a disproportionate level of collapse.
According to the present codes of practice, the designer should give the structure a minimum level of continuity, redundancy and ductility and should perform progressive collapse analyses that consider the loss of portions of the structure in numerous 'missing column' scenarios [7] . For common buildings (e.g. not federal) the main aim of this particular kind of design should be to protect human lives in extreme conditions. This means that, to remain economically viable, this additional design requirement must typically be incorporated without relevant increase in the cost of the structural system. The only way to achieve this goal is to completely sacrifice the building functionality in these extreme conditions and to use large deformations caused by the initiation of a failure to activate other resistant mechanisms.
THE INTERPRETATION OF THE 'MISSING COL-UMN' SCENARIO BY USING THE LOAD PATH METHOD
In R.C. buildings, the estimated final damage caused by a progressive collapse phenomenon is proportional to the original damage extension. The larger this extension becomes, the lower the probability to activate alternate load paths becomes, because a large bypass of the damaged area needs a large strain energy investment that can be achieved only by large building deformations. In a R.C. building, columns are the structural elements that have the largest amount of strain energy invested by loads to bypass the area where the first rupture has occurred.
Born as a method to design Strut-and-Tie Models in reinforced concrete structures, the Load Path Method (LPM hereafter) was introduced by Schlaich et al. [8] and then developed mainly by F. Palmisano and A. Vitone (e.g. [9] - [12] ). So far the Load Path Method has been used for a wide range of applications: reinforced concrete structures [8] , masonry structures ( [13] [14] [15] [16] [17] [18] [19] [20] [21] ), special structures [22] , seismoresistant structures ( [23, 24] ), conceptual and detailing design [25] , detailing, optimum design [12] , assessment of existing constructions [11] .
The Load Path Method is a clear and effective technical instrument of investigation and judgement. Not only a numerical, but also a geometrical method that predicts the results of the calculations disclosing the shape aspects from which it is possible to recognise the real structural behaviour.
In this paragraph, the interpretation of the 'missing column'scenario by using the Load Path Method, is presented [25] . The LPM gives an immediate perception, simple but complete, of the involved elements (i.e. structures and walls) and of the forces intensity.
In Fig. (2) the case of the first floor column collapse is showed. To immediately catch the intensity of the actions and which are the involved elements, in Fig. (2) , preliminarily, the presence of infill walls in the R.C. frame has been assumed.
The load N 1 has to go up in the search for a path through the adjacent columns to invest the minimum amount of strain energy. The loads, in every deviation nodes, give horizontal thrusts to the structure. This scenario demonstrates that a column collapse creates, in the floors, forces similar to those generated by an earthquake. These forces often produce effects more disastrous than the earthquake ones because, even if localized, they strike on buildings not prepared for the event. In Fig. (2) , by using the LPM, it is possible to immediately evaluate the force intensity.
In Fig. ( 3) possible transversal paths of vertical loads in a R.C. frame are shown. The load F is one of the parts into which N 1 is subdivided at each floor. If inside the R.C. frame there is a wall (Fig. 3a) , the load F, in order to minimise the total strain energy, has to follow a path inside the wall because it is stiffer than the R.C. frame even though it has brittle behaviour (i.e. masonry wall). If there isn't a wall, the load F has to follow a path inside the beam ( Fig. 3b) with a very high investment in strain energy (made evident by the large number of deviations in Fig. 3b ).
In the same way, in (Fig. 4) some possible paths of horizontal loads (the thrusts generated by the deviation of F) in a R.C. frame are showed. In this condition, it is immediately possible to recognise the same problems analysed in the case of a vertical load path.
The load bypass of the damaged area in Fig. (2) is possible only if the building has been designed to activate this extreme resistance resource. The Load Path Method shows which are the elements involved in this new scenario:
• the columns above the collapsed one;
• the beams and the floor slabs where the horizontal thrusts find their paths; • the walls and the columns involved in the transversal paths; • the columns and their foundations near the collapsed column; • the structural nodes where loads deviate and where thrusts are applied to the structure.
If only one of these resistant elements collapse, N 1 has to leave the illustrated alternate path in order to find another bypass which would require a larger investment in strain energy and, hence, larger deformations. The progressive collapse is the situation in which every 'possible' bypass is left by the load searching for an alternate path because of the collapse of one of the structural elements necessary for the bypass scenario. The consequence is an extensive failure commonly referred as 'domino effect': every local rupture has effects disproportionate to the original cause.
THE TENSILE MEMBRANE BEHAVIOUR OF FLOOR SLABS
In the previous paragraph it has been discussed that in case of a column local failure, to transfer the load from the collapsed column to the nearby ones, loads and thrusts should travel around the building because these paths imply a strain energy dissipation lower than that relevant to paths in which loads move only in the floor slabs activating their shear-bending behaviour.
If the aim of the design is only to protect human lives in these extreme conditions, completely sacrificing the building functionality, there is another important mechanism that can be activated in a large deformation scenario: the tensile membrane action of floor slabs. [1] illustrates the idealised response for a twoway slab panel that is fully restrained at its edges and contains continuous two-way reinforcement that is well anchored at its edges. After that the initial bending failure has occurred, and after that large deflections have taken place, tensile membrane action provides a secondary resisting mechanism which is capable of providing a significant resistance. The final collapse will occur after the steel reinforcement ruptures.
In Fig. (6) [1] the behaviour of a typical two-way slab structure in consequence of local failures is represented. A well-detailed interior panel would form a two-way membrane which is supported by one-way catenaries along column lines. These one-way catenaries, consisting of continuous bottom reinforcement, must be well anchored into the columns in order to transfer the load to the columns themselves. Fig. (6) also shows that an edge panel forms a oneway membrane that spans between adjacent edge panels taking advantage of available horizontal in-plane restraint provided by these panels. The one-way membrane is supported by one-way catenaries that span between the columns and run perpendicular to the free edge. The post failure mechanism for a corner panel (Fig. 6) involves the folding of the slab across the corner and the development of one-way catenaries diagonally across the corner of the slab.
Experimental tests performed on flat slab panels [1] showed the reliability of the tensile membrane behaviour above hypothesised. Mitchell and Cook [26] , assuming that a tensile membrane takes a circular deformed shape and neglecting any flexural resistance, developed a design expression for the amount of reinforcement in the one-way catenary by assuming that the one-way catenary is subjected to a uniform load equal to 0.5 wl 2 per unit length where:
• w is the uniformly distributed load;
• l 2 is the distance measured from the centreline of the panel on one side of the catenary to the centreline of the panel on the other side of the catenary.
If a limiting deflection of 0.15 l n is chosen for the oneway catenary (of clear span l n ), the force in the anchored bottom reinforcement in the one-way catenary is
The design and detailing recommendations by Mitchell and Cook were incorporated in the Canadian Standards Association Code and in ACI 352.1R-89. The area of continuous bottom steel A sb required in the direction l n is
where • A sb = minimum area of effectively continuous bottom bars in the direction l n placed over the support; • w s = factored uniformly distributed load to be carried after the initial failure; • l n = clear span in the considered direction, measured face-to-face of the supports; • l 2 = distance measured from the centreline of the panel on one side of the catenary to the centreline of the panel on the other side of the catenary; • f y = specified yield strength of reinforcement;
• s = strength reduction factor for reinforcing bars.
THE ONE-WAY CATENARY
As above illustrated, to study the tensile membrane behaviour, the analysis of the one-way catenary is fundamental. In paragraph 3.1 the elastic behaviour of a one-way catenary is presented to highlight its applicability limits in a structural design orientated to reduce the risk of progressive collapse in the respect of the goals showed in the previous paragraphs. From these conclusions, the necessity of an elasto-plastic approach arises and it is analysed in paragraph 3.2.
The Elastic Behaviour
In the first step of the analysis an elastic steel catenary of area A and modulus of elasticity E s , perfectly flexible, able to resist only to tensile normal force, loaded with a uniform vertical load q(per unit length) from the top to the bottom is considered (Fig. 7) . It is supported by two fix hinges, and in the undeformed configuration is horizontal and of span l; in the deformed configuration one of the supports (left in Fig. 7 ) undergoes a vertical settlement h. Fig. (7) . Geometry of the elastic catenary.
The cable is stressed by a tensile normal force N(x) that has vertical and horizontal components V(x) and H(x), where, for vertical loads, H(x) is constant.
From general equilibrium conditions
From integration, imposing the boundary conditions y(0)=h and y(l)=0, it results
It is possible to notice that this parabola has its apex for
Hh ql
The apex is between the two supports only if H is not too high; in this case the maximum deflection is
In the other case, the maximum deflection is equal to the vertical movement h of the support that has undergone a vertical settlement.
Varying H it is possible to find a cable configuration that respects the equilibrium conditions (5), but there is only one configuration that respects also the consistency of the cable deformation with the condition that its elongation is equal to the elastic extension allowed by its mechanical characteristics.
The length of the deformed cable is
and the catenary total elongation l g is
The catenary elastic extension l e is l e = N s ( )
Making equal the geometrical elongation and the elastic one it is possible to obtain the consistency relation:
This equation allows to obtain the only value of H that gives a consistent and equilibrated solution which can be allowable only if the maximum axial stress in the cable f s,max is not higher than the design yield strength of the reinforcement in the post-collapse conditions f yd PCLS (for the definition of the post-collapse conditions see in the following).
The maximum axial strain N max in the catenary is
then it is necessary to check that
If this relation is not satisfied, the area A of the cable is not sufficient to guarantee a completely elastic behaviour.
Assuming the values of l, h and q, it is possible to obtain the only value A lim,e of A, that corresponds to an elastic catenary with a maximum axial stress equal to the design yield strength. If the area of the catenary is lower than A lim,e there is no configuration with the cable totally elastic, even though a solution with an elasto-plastic behaviour exists.
Using the obtained equations it is possible to analyse the behaviour of a beam in the 'missing column' scenario.
Taking into account that, in these extreme conditions, the aim of the design is only to protect human lives completely sacrificing the building functionality, the examined scenario cannot be considered as a common ultimate limit state (ULS hereafter). It could be defined as a 'post-collapse' limit state (PCLS hereafter) where the wording 'post-collapse' aims to highlight that these conditions follow the shear-bending failure of the beam which is assumed as the 'collapse' at the ULS. The PCLS has a probability of occurrence, during the structure design working life, surely lower than the one usually associated with the ULS. As a consequence, partial factors (for materials and actions) different from the ones used at the ULS have to be assumed.
In the case under study, it has been assumed that the initiation of the phenomenon is the failure of a floor internal column and that the beam, which has lost one of its supports, has to behave like a catenary with span l equal to the distance between the two not-collapsed supports. It has been assumed that the floor slab does not give any kind of support to the beam at the PCLS and that the part of the floor slab which is borne by the beam at the PCLS is the same as that borne at the ULS.
As an example, the case of a beam 30 cm deep, with an effective depth of the cross section equal to 25 cm, designed for bending action at the ULS with a ratio of the depth of the neutral axis to the effective depth x/d=0.35, is considered. If G k is the permanent load and Q k is the variable load, varying its width B and its span l T (at the ULS, before the failure of the column) it is possible to evaluate the maximum uniformly distributed load
that the beam can bear at the ULS in the hypothesis that its resistant bending moment is exactly the same as its external acting bending moment
Considering the case of an internal bay, it has been assumed K=16 [27] .
According to [3] , in the case of linear and nonlinear static analysis, the load combination for alternate path at the PCLS is
In this example it has been assumed
and, according to [4] ,
Taking into account that the aim of the design is only to protect human lives at the PCLS, completely sacrificing the building functionality, the partial factor for permanent and variable loads given by the Annex A of [6] have been assumed:
In order to account for amplification in the response to dynamic effects that can occur when a structural element is violently removed from a structure, the load combination at the PCLS is multiplied by the factor [3] The cases of beam width equal to 60 cm, 80 cm, 100 cm and span equal to 450 cm and 550 cm are illustrated assuming that the catenary span l is twice the beam span l T . In Table 1 the relative catenary ratio f/l, the ratio of the A lim,e to the amount of reinforcement A ULS necessary in the middle of the span at the bottom of the beam at the ULS for the bending moment, are reported.
From Table 1 , it is possible to observe that to guarantee a totally elastic catenary at the PCLS, it is necessary to place an amount of beam bottom reinforcement, continuous from support to support, extremely larger than the one strictly necessary at the ULS. This means that this solution is not economically viable. The only way to reduce the reinforcement amount is to accept a catenary elasto-plastic behaviour.
The Elasto-Plastic Behaviour
Differently from the assumptions of the case of the totally elastic cable, for the elasto-plastic catenary the deformed configuration has no vertical settlement of the supports.
The Eurocode [5] reinforcing steel stress-strain relation has been assumed (Fig. 8) .
Assuming the values of l, q and a value of A lower than A lim,e , the catenary has still a parabola shape because of general equilibrium conditions. The central part remains in the elastic range (depending on the amount of A) while the lateral parts are yielded (Fig. 9) . Fig. (8) . Design stress-strain relation for reinforcing steel.
Fig. (9).
Geometry of the elasto-plastic catenary.
These assumptions have been made: • L = total length of the deformed cable;
• m = horizontal projection of the elastic part;
• r = horizontal projection of one of the lateral yielded part; • M = length of the deformed elastic part;
• R = length of one of the deformed lateral yielded part.
It is possible to observe that:
Because of consistency, the cable elongation l g (14) is equal to the elasto-plastic elogation l ep allowed by the steel mechanical characteristics. It is possible to observe that the total catenary is the union of three cables (the two yielded lateral ones and the central elastic one) that have the same value H for the horizontal component of N(x).
The vertical position of the extreme nodes of the elastic central part is (Fig. 9 )
If l m the elastic elongation of the central part and l r the elasto-plastic elongation of one of the lateral parts, it is possible to obtain
where R can be evaluated, as a function of r, by using (13) and
Finally (40), (41) and (43) As an example, the same cases analysed for the totally elastic catenary are illustrated in Table 2 assuming a totally yielded catenary and the following reinforcement stressstrain parameters according to Fig. 8 :
It can be observed that the amount of the continuous bottom steel A lim,ep is compatible with the aim to significantly improve the robustness of the building without any substantial increase in the cost of the structural system. Looking at the values of f/l in Table 2 , it is also possible to notice that they are totally consistent with the necessity to guarantee the survival of people staying at the floor just below the considered beam in a common residential building. If, in other cases, from the elasto-plastic analysis with a totally yielded catenary, the calculated value of f is too high, the only possibility is to increase the amount of reinforcement in order to reduce the yielded part and consequently f.
CATENARY ACTIONS IN R.C. AND STEEL STRUCTURES
Even though the aim of the article is to show the efficacy of elasto-plastic catenary behaviour in R.C. structures, some considerations about the difference between R.C. and steel structures seem to be necessary.
The catenary effect produces large tensile forces in beams. As above-mentioned, in case of R.C. beams, this could be very detrimental to the capacity of the member. This is why in the article, the catenary effect has been considered as an ultimate resource to protect human lives, even sacrificing the building functionality.
When dealing with steel frame structures, it is not immediately apparent what types of connections of beams to columns will possess sufficient robustness to permit the necessary development of plastic rotations at beam ends together with large tensile forces [28] .
Mobilization of catenary action in steel framing may require high plastic rotations. Moment connections prequalified for use in seismic service are presumed capable of providing acceptable performance [28] . In this scenario, it is worth mentioning that Della Corte et al. [29] have shown that, in steel members, tensile axial forces, such as those produced by catenary action, increase the strength of the rotation capacity of the element and the over strength transmitted to the connected components.
However, research is needed to confirm whether seismic connection technologies are capable of reliable service under these extreme conditions [28] .
CONCLUSION
Nowadays, the necessity to give buildings the capacity to survive actions even extraordinary is one of the basic requirements of the technical standards.
The interpretation of the 'missing column' scenario has been illustrated by using the Load Path Method in order to highlight involved elements.
If the aim of the design is only to protect human lives in these extreme conditions, completely sacrificing the building functionality, the activation of tensile membrane action of floor slabs is very useful.
To study this behaviour the analysis of the one-way catenary is fundamental. In this article, firstly, the elastic behaviour of a one-way catenary has been presented in order to underline the applicability limits in a structural design orientated to reduce the risk of progressive collapse. Secondly, analytical relations of the elasto-plastic catenary behaviour have been obtained in order to show, also by using numerical examples, that this mechanism, activated by the floor tying system, is able to improve, significantly and at a low cost, the robustness of a reinforced concrete building.
Further theoretical and experimental work is needed to evaluate the influence of the interaction between floor slabs and beams and to understand the elasto-plastic behaviour of the floor corner panel and of the floor edge panel in the postcollapse scenario.
